1. Introduction {#sec1-biomolecules-10-00519}
===============

The transforming growth factor (TGF)-β family consists of more than 30 members in humans, including TGF-βs, bone morphogenetic proteins (BMPs), activins and growth differentiation factors (GDFs) \[[@B1-biomolecules-10-00519]\]. The ligands mainly signal through two canonical pathways of SMAD transcription factors, but there is also compelling evidence that non-canonical activation can occur when a ligand--receptor signaling complex is formed \[[@B2-biomolecules-10-00519]\]. The determining factor for which specific SMAD pathway will relay the signal is which type 1 receptor is activated in the signaling complex \[[@B3-biomolecules-10-00519]\]. The SMAD2/3 pathway is activated by the type 1 receptors ALK4, ALK5 and ALK7, whereas the SMAD1/5/8 pathway is activated by the type 1 receptors ALK1, ALK2, ALK3 and ALK6 \[[@B3-biomolecules-10-00519]\]. The approved HUGO (Human Genome Organisation) gene names for TGF-β family receptors are provided in [Supplementary Table S1](#app1-biomolecules-10-00519){ref-type="app"} for reference. The TGF-βs signal through ALK5 and activate the SMAD2/3 pathway but have also been shown to form complexes with ALK1 and/or ALK2 and activate the SMAD1/5/8 pathway. BMPs mostly form complexes with ALK1, ALK2, ALK3 or ALK6 and activate the SMAD1/5/8 pathway. Activins activate the SMAD2/3 pathway through the type 1 activin receptors ALK4 and ALK7 \[[@B4-biomolecules-10-00519],[@B5-biomolecules-10-00519]\]. Activin A was originally found to interact with ALK2, although no activation of the SMAD1/5/8 pathway was detected in these studies \[[@B4-biomolecules-10-00519],[@B6-biomolecules-10-00519],[@B7-biomolecules-10-00519]\]. It was also reported that activin A could act as an antagonist of BMP signaling by competing for receptor binding \[[@B8-biomolecules-10-00519],[@B9-biomolecules-10-00519],[@B10-biomolecules-10-00519],[@B11-biomolecules-10-00519]\]. Recently, it has become clear that activin A and activin B also activate SMAD1/5 through mutated and wild type ALK2 \[[@B11-biomolecules-10-00519],[@B12-biomolecules-10-00519],[@B13-biomolecules-10-00519],[@B14-biomolecules-10-00519],[@B15-biomolecules-10-00519]\]. Knockdown of BMPR2 caused potentiation of activin-induced SMAD1/5, but not SMAD2/3, activity in multiple myeloma and hepatocytic carcinoma cells \[[@B14-biomolecules-10-00519],[@B16-biomolecules-10-00519]\]. We have shown that BMPs induce growth arrest and/or apoptosis in myeloma cells via activation of the SMAD1/5 pathway which in turn leads to c-MYC downregulation \[[@B17-biomolecules-10-00519],[@B18-biomolecules-10-00519]\]. Maintaining c-MYC levels is important for the survival of myeloma cells \[[@B19-biomolecules-10-00519]\]. We also reported that some myeloma cells are sensitive to activin A- and activin B-induced apoptosis via ALK2-SMAD1/5 \[[@B16-biomolecules-10-00519]\]. Together, these studies suggest that activins are dual specificity TGF-β family ligands that can activate both SMAD branches, depending on the context.

Here, we aimed to characterize and compare activation of both SMAD branches by activins. Using an activin-responsive myeloma cell line, IH-1, we compared the effects of activin A, B, and C homo- and heterodimers on signaling dynamics and amplitude. We then used small molecule inhibitors with different specificities to further establish the involvement of different receptors in both IH-1 myeloma cells and HepG2 liver carcinoma cells. We further transiently knocked down type I receptors to establish receptor dependencies and compared the effects of the well-known activin antagonist follistatin and the less characterized activin B antagonist cerberus on downstream activation of SMAD2/3 and SMAD1/5 signaling. Although our results show that activins can act as BMP antagonists, we also find that in certain contexts activins may be considered dual specificity members of the TGF-β family. In these cases, ALK2 relays the signal from activins to SMAD1/5.

2. Materials and Methods {#sec2-biomolecules-10-00519}
========================

2.1. Cells and Reagents {#sec2dot1-biomolecules-10-00519}
-----------------------

In this study, we used the human multiple myeloma cell lines IH-1 and INA-6. IH-1 was established in our laboratory \[[@B20-biomolecules-10-00519]\]. INA-6 cells were a kind gift from Dr. M. Gramatzki (University of Erlangen-Nurnberg, Erlangen, Germany) \[[@B21-biomolecules-10-00519]\]. IH-1 cells were cultured in 10% human serum (HS) (Department of Immunology and Transfusion Medicine, St. Olav's University Hospital, Trondheim, Norway) in RPMI-1640 (Sigma-Aldrich Norway, Oslo, Norway) supplemented with 2 mM L-glutamine (Sigma-Aldrich), hereafter termed RPMI, whereas INA-6 cells were cultured in 10% fetal calf serum (FCS) in RPMI. For both myeloma cell lines, interleukin (IL)-6 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) (1 ng/mL) was added to the growth medium. The hepatocyte carcinoma cell line HepG2 was from European Collection of Authenticated Cell Cultures (ECACC; Salisbury, UK). HepG2 cells were grown in 10% FCS in Eagle's minimum essential medium (EMEM) supplemented with 2 mM glutamine and non-essential amino acids (Sigma-Aldrich), hereafter termed EMEM. The cells were maintained in 37 °C in a humidified atmosphere containing 5% CO~2~ and tested regularly for mycoplasma. For experiments with myeloma cell lines, 2% HS in RPMI was used as the medium with IL6 (1 ng/mL) added for INA-6, and for HepG2, 0.1% bovine serum albumin (BSA) in EMEM was used. The recombinant human proteins activin B, activin C, and activin AC were from R&D Systems (Bio-Techne, Abingdon, UK), whereas *E. coli*-produced and refolded activin A (human) \[[@B22-biomolecules-10-00519]\] and activin AB (human/Xenopus) were kindly provided by Marko Hyvönen's group at the University of Cambridge, UK. Recombinant human cerberus was expressed and purified as previously described \[[@B23-biomolecules-10-00519]\]. Recombinant human TGF-β1 and TGFβRII-Fc were from R&D Systems. The inhibitors K02288 and SB431542 were from Sigma-Aldrich, ML347, LDN-193189 and RepSox (Compound 19) were from Selleck Chemicals, Houston, TX, USA, and ZC-47-C95 (resynthesized compound 18a published by Jin et al., 2011 \[[@B24-biomolecules-10-00519]\]) was from Novartis.

2.2. Western Blotting {#sec2dot2-biomolecules-10-00519}
---------------------

Treated cells were pelleted, washed once in ice-cold phosphate-buffered saline (PBS), and lysed in a buffer consisting of 1% IGEPAL^®^ CA-630 (Sigma-Aldrich), 50 mM Tris--HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 1 mM Na~3~VO~4~, 50 mM NaF and Complete Mini protease inhibitor cocktail (Roche, Basel, Switzerland). The samples were denatured and separated on NuPAGE™ Bis-Tris polyacrylamide gels (Invitrogen, Thermo Fisher Scientific). The gels were then blotted onto 0.45-μm nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes were blocked with 5% non-fat dried milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) and incubated with primary antibodies as indicated at 4 °C. Detection was performed with horseradish peroxidase-conjugated secondary antibodies (DAKO Cytomation, Copenhagen, Denmark) and SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). Images were acquired and analyzed with Odyssey FC and Image Studio Software (LI-COR Biosciences, Lincoln, NE, USA). The primary antibodies that were used were: phospho-SMAD1/5 (RRID: AB_491015, Cat\# 9516), phospho-SMAD2 (RRID: AB_490941, Cat\# 3108), phospho-SMAD2/3 (RRID: AB_2631089, Cat\# 8828), and cleaved caspase-3 (RRID: AB_2070042, Cat\# 9664) (Cell Signaling Technology, BioNordika AS, Oslo, Norway), c-MYC (RRID: AB_2148606, Cat\# 551102, BD Biosciences, Trondheim, Norway), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (RRID: AB_2107448, Cat\# Ab8245, Abcam, Cambridge, UK). Antibodies were diluted 1:1000, except for GAPDH which was diluted 1:30000.

2.3. Cell Viability {#sec2dot3-biomolecules-10-00519}
-------------------

Relative viable cell numbers were determined by the CellTiter-Glo assay (Promega, Madison, WI, USA), which measures ATP levels, as described \[[@B25-biomolecules-10-00519]\].

2.4. Transfection of INA-6 Cells {#sec2dot4-biomolecules-10-00519}
--------------------------------

INA-6 cells were transfected using the Nucleofector device (Amaxa Biosystems, Cologne, Germany) and Amaxa Cell Line Nucleofector Kit R (Lonza, Basel, Switzerland), as previously described \[[@B26-biomolecules-10-00519]\]. The siRNAs used were ON-TARGETplus SMARTpool *ACVR1/ALK2*, siGENOME SMARTpool *ACVR1B/ALK4*, *ACVR1C/ALK7* and *TGFBR1/ALK5*, and Non-Targeting Pool (Dharmacon, Thermo Fisher Scientific)

2.5. Transfection of HepG2 Cells {#sec2dot5-biomolecules-10-00519}
--------------------------------

HepG2 cells were seeded in 24-well plates and left over night to adhere. Cells at a confluence of about 50% were transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the protocol. The siRNAs used were ON-TARGETplus SMARTpool *ACVR1/ALK2* and Non-Targeting Pool (Dharmacon). The day after transfection, the cells were treated with the indicated ligands for 1 h and harvested for western blotting or PCR.

2.6. Comparative RT-PCR {#sec2dot6-biomolecules-10-00519}
-----------------------

RNA was isolated using the RNeasy Mini Kit (Qiagen, Crawley, UK) and complementary DNA was synthesized from total RNA using the High Capacity RNA-to-cDNA kit (Applied Biosystems, Thermo Fisher Scentific). PCR was performed using StepOne Real-Time PCR System and Taqman Gene Expression Assays (Applied Biosystems) as described previously \[[@B9-biomolecules-10-00519]\]. The Taqman assays used were: *ACVR1* (Hs00153836_m1), *ACVR1B* (Hs00244715_m1), *ACVR1C* (Hs0000899854_m1), *TGFB1* (Hs00998133_m1), and *GAPDH* (Hs99999905_m1). The comparative Ct method was used to calculate relative changes in gene expression with *GAPDH* as the housekeeping gene.

2.7. Statistical Analysis {#sec2dot7-biomolecules-10-00519}
-------------------------

GraphPad Prism 8 (Graphpad Software, Inc., San Diego, LA) was used to analyze statistical significance. The tests used for each experiment are described in the figure legends.

3. Results {#sec3-biomolecules-10-00519}
==========

3.1. Activin Dimers Have Dose-Dependent Effects on IH-1 Cell Viability {#sec3dot1-biomolecules-10-00519}
----------------------------------------------------------------------

IH-1 myeloma cells were treated with activin hetero- and homodimers for three days before cell viability was determined by measuring ATP content in wells. As we have shown before, activin A and activin B dose-dependently reduced cell viability, with activin B being the most potent cell viability inhibitor ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}a,b) \[[@B16-biomolecules-10-00519]\]. As expected, no difference in cell viability was seen after treatment with activin C at the given doses ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}c). Activin AB reduced cell viability to a similar extent as activin B ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}d), whereas activin AC was less potent than the other activins ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}e). We further confirmed that the effect of activins on cell number, at least partially, depended on apoptosis due to correlation with SMAD-induced c-MYC downregulation and caspase-3 cleavage ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}f) \[[@B17-biomolecules-10-00519]\].

3.2. Activins Activated SMAD1/5 and SMAD2 with Different Dynamics {#sec3dot2-biomolecules-10-00519}
-----------------------------------------------------------------

We have previously shown that activin A and activin B activated SMAD1/5 via ALK2 and induced cell death in IH-1 and INA-6 myeloma cell lines \[[@B16-biomolecules-10-00519]\]. Activation of the SMAD2/3 pathway did not lead to apoptosis in these cells, likely due to mechanisms that prevent translocation of activated SMAD2/3 to the nucleus in myeloma cells \[[@B9-biomolecules-10-00519],[@B16-biomolecules-10-00519],[@B27-biomolecules-10-00519]\]. Extending on this finding, activation of SMAD1/5 by activin AB and activin AC also correlated with reduced cell viability ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}c,d,f). Nevertheless, the activins activated both SMAD branches and we wanted to compare the signaling dynamics between these two. IH-1 cells were treated with activins and harvested for western blotting at different time points. Activin doses were chosen based on the viability assay and activin C was omitted in these experiments since we were not able to detect any activation of SMADs with this ligand ([Figure 1](#biomolecules-10-00519-f001){ref-type="fig"}c). Activation of the SMAD1/5 pathway peaked after 2 h for activin A and activin B, whereas it peaked after 1 h for activin AB, and as early as 0.5 h (or even earlier) for activin AC ([Figure 2](#biomolecules-10-00519-f002){ref-type="fig"}a,b). Activin AC was altogether not a strong inducer of SMAD1/5 activity and the activation was terminated quickly compared to the other activins. Interestingly, activation of SMAD2 was much more similar amongst the different activins and peaked at 1 h for all the tested ligands ([Figure 2](#biomolecules-10-00519-f002){ref-type="fig"}c,d).

3.3. Effect of Small Molecule Inhibitors on Activin-Induced SMAD Phosphorylation {#sec3dot3-biomolecules-10-00519}
--------------------------------------------------------------------------------

We next sought to characterize the type 1 receptor involved in activation of the SMAD-branches and used small molecule inhibitors. Such inhibitors are valuable tools, but their degree of specificity and sensitivity varies, so we chose to use six different inhibitors. The inhibitors K02288, ML347, and LDN-193189, are known inhibitors of the SMAD1/5/8-pathway via BMP type 1 receptors (e.g., ALK1, ALK2, ALK3 and ALK6) \[[@B28-biomolecules-10-00519],[@B29-biomolecules-10-00519],[@B30-biomolecules-10-00519]\]. The inhibitors SB431542, RepSox, and ZC-47-C95 are described as inhibitors of the SMAD2/3 pathway via activin/TGF-β type 1 receptors (e.g., ALK4, ALK5 and ALK7) \[[@B24-biomolecules-10-00519],[@B31-biomolecules-10-00519],[@B32-biomolecules-10-00519]\]. A table describing relative specificities of the inhibitors is shown ([Supplementary Table S2](#app1-biomolecules-10-00519){ref-type="app"}). We treated IH-1 cells with activin A and combined activin A with the panel of inhibitors for comparison. As expected, activation of SMAD1/5 by activin A in these cells was dependent on a BMP type 1 receptor ([Figure 3](#biomolecules-10-00519-f003){ref-type="fig"}a). Activation of SMAD2 was, also as expected, dependent on an activin/TGF-β type 1 receptor ([Figure 3](#biomolecules-10-00519-f003){ref-type="fig"}b). For comparison we also tested activin B, and surprisingly, the panel of inhibitors showed less clear results ([Figure 3](#biomolecules-10-00519-f003){ref-type="fig"}c,d). For instance, ML347 was less efficient towards activin B-induced SMAD1/5 activation and RepSox showed some inhibiting activity ([Figure 3](#biomolecules-10-00519-f003){ref-type="fig"}c). Furthermore, in addition to the expected inhibition by activin/TGF-β type 1 receptor inhibitors towards activin B-induced SMAD2 activation, there was also significant inhibition by the BMP type 1 receptor inhibitors K02288 and LDN-193189. These results could indicate the dependency of a BMP type 1 receptor for activation of SMAD2 by activin B. Thus, based on this experiment, activation of SMAD1/5 by activin A seems to be entirely dependent on a BMP type 1 receptor in IH-1 cells, whereas there might be an interdependent relationship between the activation of the two SMAD-branches for activin B.

3.4. Effect of the BMP Type 1 Receptor Inhibitor, K02288, on Activin-Induced SMAD Activity in HepG2 Cells {#sec3dot4-biomolecules-10-00519}
---------------------------------------------------------------------------------------------------------

We also detected activation of both SMAD-branches in activin-treated HepG2 liver carcinoma cells. In these cells, we applied the K02288 BMP type 1 receptor inhibitor and checked for effects of activin-induced SMAD1/5- and SMAD2-activation. In comparison to the IH-1 cells, the results were as expected, with inhibition of SMAD1/5, but not SMAD2 activation ([Figure 4](#biomolecules-10-00519-f004){ref-type="fig"}).

3.5. ALK2 Knockdown Blunted Activin-Induced SMAD1/5 Activity {#sec3dot5-biomolecules-10-00519}
------------------------------------------------------------

Since the results using inhibitors only partially explained type 1 receptor usage, we chose a more specific approach to further clarify the mechanism of SMAD1/5 activation. We performed ALK2 knockdown experiments in another multiple myeloma cell line, INA-6, which expresses ALK2, but not ALK3 \[[@B16-biomolecules-10-00519],[@B25-biomolecules-10-00519],[@B33-biomolecules-10-00519]\]. ALK2 siRNA or control siRNA were transfected into the cells. After two days, the cells were treated with activin A or activin B for 1 h and SMAD activity was measured by western blots. Knockdown of ALK2 significantly blunted both activin A- and activin B-induced SMAD1/5 phosphorylation but had no effect on SMAD2/3 phosphorylation ([Figure 5](#biomolecules-10-00519-f005){ref-type="fig"}a,b). The knockdown efficacy was just above 50%, as measured by PCR ([Figure 5](#biomolecules-10-00519-f005){ref-type="fig"}c). For comparison, we also transiently knocked down the expression of the other type 1 receptors ALK4, ALK7 and ALK5. As expected, none of these siRNAs affected activin A- and activin B-induced SMAD1/5 phosphorylation ([Supplementary Figure S1](#app1-biomolecules-10-00519){ref-type="app"}). Moreover, in HepG2 cells, knockdown of ALK2 counteracted activation of SMAD1/5, but not SMAD2, after treatment with activin A or activin B ([Supplementary Figure S2](#app1-biomolecules-10-00519){ref-type="app"}).

Multiple myeloma cells express high levels of TGF-β mRNA and protein \[[@B18-biomolecules-10-00519]\]. To exclude the possibility that the SMAD activation following activin treatment was not caused by changes in autocrine TGF-β activity, we first measured *TGFB1* mRNA in IH-1 and INA-6 cells treated with activin A and activin B for 4 h ([Supplementary Figure S3a,b](#app1-biomolecules-10-00519){ref-type="app"}). There were no significant changes in *TGFB1* expression levels. Then, we treated IH-1 and INA-6 cells with activin A, activin B or TGF-β, with or without soluble TGFβRII-Fc, an inhibitory TGF-β ligand trap and looked at activation of SMAD1/5 and SMAD2 ([Supplementary Figure S3c--f](#app1-biomolecules-10-00519){ref-type="app"}). The soluble TGFβRII-Fc prevented TGF-β-induced SMAD activation but failed to inhibit activation of either of the two SMAD branches by activins. Similar results were seen with a neutralizing TGF-β antibody (data not shown).

3.6. Antagonism of Activins by Follistatin and Cerberus {#sec3dot6-biomolecules-10-00519}
-------------------------------------------------------

Having shown that activins depend on ALK2 for activation of the SMAD1/5 pathway, we wanted to compare extracellular activin antagonists to see if activation of both SMAD branches was inhibited. Follistatin is an important activin antagonist, and the ratio of serum activin A/follistatin is commonly used as a measure of activin A bioavailability \[[@B34-biomolecules-10-00519],[@B35-biomolecules-10-00519],[@B36-biomolecules-10-00519]\]. We treated IH-1 cells with activin dimers together with follistatin for three days before measuring relative cell viability. As expected, the growth inhibitory effect of all the tested activin dimers was blunted in the presence of follistatin, except for activin AC, where no significant effect was observed ([Figure 6](#biomolecules-10-00519-f006){ref-type="fig"}a). Cerberus is recognized as an antagonist of the TGF-β family ligand nodal \[[@B23-biomolecules-10-00519],[@B37-biomolecules-10-00519]\]. Interestingly, human cerberus also binds and antagonizes activin B and, to a lesser extent, BMP6 and BMP7 \[[@B38-biomolecules-10-00519]\]. As far as we know, activin AB and activin AC have never been tested for in vitro antagonism by human cerberus. We therefore treated IH-1 cells with activin dimers together with cerberus for three days before measuring relative cell viability. As expected, cerberus was found to specifically antagonize activin B, but did not antagonize activin A, activin AB or activin AC ([Figure 6](#biomolecules-10-00519-f006){ref-type="fig"}b). We confirmed using western blots that the effect on cell viability correlated with effect on SMAD activity ([Figure 6](#biomolecules-10-00519-f006){ref-type="fig"}c,d). Our results thus confirm and supplement previous studies showing that follistatin is a general activin antagonist, whereas cerberus can distinguish between activin B and the other activins.

4. Discussion {#sec4-biomolecules-10-00519}
=============

Activin A usually signals through ALK4, whereas activin B and activin AB bind and signal either through ALK4 or ALK7, resulting in activation of the SMAD2/3 pathway \[[@B5-biomolecules-10-00519],[@B39-biomolecules-10-00519],[@B40-biomolecules-10-00519]\]. Activin C is thought to be non-signaling, and thereby inhibitory, by forming activin AC heterodimers at the expense of more potent activin A homodimers \[[@B41-biomolecules-10-00519],[@B42-biomolecules-10-00519]\]. Here, we show that activins can activate signals via the two main branches of the SMAD signaling pathway, SMAD2/3 and SMAD1/5/8, by binding and activating different TGF-β family type I receptors. In addition, we directly compare the activity of four different activin homo- and heterodimers. We show that the signaling strength and dynamics induced by the different ligands vary. Importantly, this is to our knowledge the first time activin AB and activin AC have been shown to activate SMAD1/5 via the wildtype ALK2 receptor.

Interestingly, the activin AC heterodimer activates both SMAD branches, whereas activin C is inactive. Similarly, activin A is a weak activator of SMAD1/5, whereas the heterodimer activin AB is approximately as potent as activin B. Type I receptors have been shown to bind at the interface between the two protomers in the dimeric ligand \[[@B43-biomolecules-10-00519],[@B44-biomolecules-10-00519]\]. Thus, our observations raise the possibility that only one of the ligand protomers is needed to activate ALK2 signaling.

Sequences both in the receptors and the ligand determine binding specificity and strength. Recent studies have suggested that the finger 2 tip loops in activin A and GDF11 are important for their type I receptor binding specificities \[[@B44-biomolecules-10-00519],[@B45-biomolecules-10-00519]\]. Moreover, in some cell types, only mutated ALK2, such as the variant encoded by ACVR1 (R206H), has been shown to relay a signal to SMAD1/5 after activin binding \[[@B11-biomolecules-10-00519],[@B12-biomolecules-10-00519]\]. Thus, there has been a debate about whether activins can activate SMAD1/5 via the wildtype ALK2 type 1 receptor. For instance, overexpressed wildtype ALK2 could relay activin A induced SMAD1/5 activity in immortalized mouse embryonic fibroblasts \[[@B15-biomolecules-10-00519]\], but this was not seen in HEK cells \[[@B11-biomolecules-10-00519]\]. However, in systems with overexpression of ALK2, the balance between type I receptors, type II receptors and co-factors may be altered in a way that precludes proper signaling. It was shown that activin B activated SMAD1/5 and thereby increased the levels of the SMAD-regulated target gene *HAMP* (encoding hepcidin) in hepatocytes \[[@B13-biomolecules-10-00519]\]. By using siRNA, induction of *HAMP* by activin B was found to be dependent on ALK2, ACVR2A, ACVR2B, and to a lesser extent ALK3 \[[@B14-biomolecules-10-00519]\]. We showed that activin A and activin B likely signal through endogenous wildtype ALK2 to activate SMAD1/5 in myeloma and hepatocellular cell lines and the present study further supports this finding \[[@B16-biomolecules-10-00519]\]. We speculate that the activin-mediated activation of SMAD1/5 via wildtype ALK2 that occurs in some cell types depends on a co-factor. In hepatocytes, hemojuvelin, encoded by *HJV*, may be such a co-factor \[[@B14-biomolecules-10-00519]\]. In myeloma cells, on the other hand, *HJV* is not expressed. Thus, involvement of another, unidentified co-factor is more likely and may warrant further investigation.

Interestingly, in cases where activin-induced activation of the SMAD1/5 pathway is not seen, and also in cases where the activation of SMADs via ALK2 is weak, the activins may act as BMP antagonists rather than agonists \[[@B8-biomolecules-10-00519],[@B9-biomolecules-10-00519],[@B10-biomolecules-10-00519],[@B11-biomolecules-10-00519]\]. For example, activin A binds with high affinity to the type II receptors ACVR2A and ACVR2B, and since these receptors are shared with BMPs, activin A can act as an antagonist of BMP9 \[[@B9-biomolecules-10-00519],[@B10-biomolecules-10-00519]\]. Ligand competition as a way of regulating SMAD activity is an interesting concept that may greatly impact signaling outcomes in cells.

TGF-β is another ligand which can activate both SMAD branches; however, the mechanism is likely different. TGF-β induces SMAD2/3 signaling via ALK5 in complex with the type II TGF-β receptor \[[@B46-biomolecules-10-00519]\]. However, TGF-β also induces SMAD1/5 signaling in endothelial cells, likely via lateral activation of ALK1, which was found in the same heteromeric signaling complexes as ALK5 \[[@B47-biomolecules-10-00519],[@B48-biomolecules-10-00519]\]. In epithelial cells, similar lateral signaling was shown for TGF-β dependent activation of SMAD1/5 via ALK2 and ALK3 \[[@B49-biomolecules-10-00519],[@B50-biomolecules-10-00519]\]. In these cases, activation of the SMAD1/5 pathway was dependent on the kinase activity of ALK5. This is not the case for the activins, as we have shown before and confirm here \[[@B16-biomolecules-10-00519]\]. Therefore, the concept of lateral TGF-β signaling is likely largely dependent on context. There is currently no evidence of lateral TGF-β induced activation of SMAD1/5 via ALK2 in myeloma cells. We showed here that TGF-β activated SMAD1/5 in INA-6, but not IH-1 cells. In contrast, we found that activin-induced SMAD1/5 phosphorylation in both cell lines was independent of TGF-β and ALK5.

There were no huge differences in SMAD1/5 and SMAD2/3 signaling dynamics in the IH-1 cells. However, for activin A and activin B there was a delay (peak at 2 h versus 1 h) in SMAD1/5 activation compared to SMAD2/3 activation, suggesting a more indirect effect of these ligands on SMAD1/5 activation. However, the different signaling dynamics between these pathways in myeloma cells could also suggest that there are different receptor complexes that relay the signal to each of the SMAD branches, i.e., activins do not activate ALK2 and ALK4/ALK7 via a common heteromeric receptor complex. It is not known if mixed SMAD complexes, which include SMADs from both branches, are formed by activin treatment in these cells. Another explanation for the delay in SMAD1/5 activation compared with SMAD2/3 could be that signaling dynamics are affected by variations in the localization and internalization of the two pathways' respective receptors, as was suggested for BMP4 and activin A \[[@B51-biomolecules-10-00519]\]. In that study, the authors suggested that BMP4 treatment caused transient turnover of receptors, which resulted in oscillatory signaling dynamics. By contrast, activin A induced a depletion of receptors matched with receptor renewal, which resulted in a more stable signal. Differences between BMP4 and activin A signaling dynamics also contrasted with TGF-β, which caused a refractory state in cells upon acute stimulation \[[@B52-biomolecules-10-00519]\]. The refractory state was likely caused by a rapid depletion of TGF-β receptors from the cell surface. Finally, there is also a possibility that the activated SMAD molecules may be terminated by dephosphorylation at different rates for each SMAD branch \[[@B53-biomolecules-10-00519]\].

In this study, we used six different small molecule inhibitors of varying specificities. Results obtained with the inhibitors should be interpreted with caution, as there is both a degree of uncertainty with regards to the actual specificities of each inhibitor, and the promiscuity in the ligand--receptor system is not fully known. For inhibition of activin A, the results were clear and supported the conclusion that activin A induces SMAD1/5 signaling via wildtype ALK2. For activin B, however, the results were less clear. Firstly, ML347, the most specific ALK2 inhibitor, less potently inhibited activin B-induced SMAD1/5 activation than other inhibitors for this pathway (K02288 and LDN-193189). Notably, both K02288 and LDN-193189 also inhibit ALK3 ([Supplementary Table S2](#app1-biomolecules-10-00519){ref-type="app"}). This result could possibly be a matter of dose and a more careful titration of each inhibitor could potentially give clearer results. Secondly, the SMAD1/5 activation inhibitors K02288 and LDN-193189, also inhibited SMAD2 phosphorylation in IH-1 myeloma cells treated with activin B. It was puzzling that this effect was observed for activin B, but not activin A. The results could indicate that activin B-induced SMAD2/3 activation benefits from the kinase activity of a type I BMP receptor, which in IH-1 cells could be either ALK2 or ALK3, or that these inhibitors also block the activin B dependent kinase ALK7 \[[@B16-biomolecules-10-00519],[@B33-biomolecules-10-00519]\]. However, the same trend was not replicated in HepG2 cells when these cells were treated with K02288 or siRNA targeting ALK2. Furthermore, INA-6 cells only express ALK2, and not ALK3 or ALK6, and in these cells, knocking down ALK2 with siRNA did not counteract activin B induced SMAD2 activation. Thus, when considering all results, we propose that activin B induced SMAD2 activation does not require ALK2 kinase activity. However, we cannot rule out the possibility that the kinase activity of another type I BMP receptor, such as ALK3, positively affects SMAD2 activation by activin B. Indeed, it was shown that ALK3 and ALK2 can form BMP-dependent heterodimers that induce hepcidin expression in hepatocytes in vitro \[[@B54-biomolecules-10-00519]\].

Follistatin (FST) is a well-known antagonist of activins and it was therefore not surprising to see that FST inhibited the activity of all the tested activins, both via the SMAD2/3 and the SMAD1/5 pathway. Cerberus' ability to bind and antagonize activin B, but not activin A, has also been clearly described before \[[@B23-biomolecules-10-00519],[@B38-biomolecules-10-00519]\]. Notably, although cerberus antagonized activin B induced signaling via both the SMAD2/3 pathway and the SMAD1/5 pathway, it did not antagonize activin AB heterodimers. Notably, although both follistatin and cerberus completely inhibited activin B induced SMAD activation, only follistatin fully rescued the effects of activin B on cell viability. The most important difference between the SMAD activation assay (1 h treatment) and the viability assay (three days of treatment) is time. In the duration of the viability assay, it is possible that cerberus fails to have a long-lasting antagonistic activity towards activin B, or cerberus may have an effect on other non-SMAD signaling pathways. This is a matter for future studies.

5. Conclusions {#sec5-biomolecules-10-00519}
==============

Activins act as dual-specificity TGF-β family molecules by engaging different type I receptors and activating both branches of the SMAD signaling pathway ([Figure 7](#biomolecules-10-00519-f007){ref-type="fig"}). Activation likely occurs in different ligand--receptor complexes, as we show that the signaling dynamics are different between the two SMAD branches. The dual specificity is dependent on context and we speculate that co-factors that are so far not known may be key to this context dependence. Importantly, in cases where activins are not able to activate the SMAD1/5 pathway, they may still occupy receptors that are shared with BMPs, thereby acting as antagonists of the BMP pathway.

Recombinant activin A and activin AB were kindly provided by Marko Hyvönen's group at the University of Cambridge, UK.

The following are available online at <https://www.mdpi.com/2218-273X/10/4/519/s1>, Figure S1: Effects of knockdown of activin/TGF-β type 1 receptors in INA-6 myeloma cells, Figure S2: Effects of ALK2 knockdown in HepG2 cells, Figure S3. Activin-induced SMAD activity was not caused by an autocrine TGF-β loop, Table S1: Approved HUGO gene names for TGF-β family receptors, Table S2. TGF-β/SMAD inhibitors; reported inhibitory potential.
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![Impact of activin homo- and heterodimers on IH-1 cell viability. IH-1 myeloma cells were treated for three days with increasing doses of activins as indicated in the figure. Cell viability was measured using CellTiter Glo and the results are plotted relative to control (**a**--**e**). The graphs represent mean ± standard error of the mean (s.e.m.) of *n* = 3 independent experiments. One-way ANOVA and Dunnett's multiple comparisons test were performed (\* *p* ≤ 0.05, \*\* *p* ≤ 0.01, \*\*\* *p* ≤ 0.001, \*\*\*\* *p* ≤ 0.0001, ns (not significant) *p* \> 0.05). (**f**) We also treated IH-1 cells for 24 h with activin A (20 ng/mL), activin B (4 ng/mL), activin C (20 ng/mL), activin AB (5 ng/mL) or activin AC (20 ng/mL), and did western blot to look at differences in expression of c-MYC, phospho-SMAD1/5 (pSMAD1/5) and cleaved caspase 3, with GAPDH as the loading control. The blots shown are representative of *n* = 3 independent experiments.](biomolecules-10-00519-g001){#biomolecules-10-00519-f001}

![Time-series comparing activation of both SMAD branches by activins. IH-1 myeloma cells were treated with activin A (20 ng/mL), activin B (4 ng/mL), activin AB (5 ng/mL) or activin AC (20 ng/mL) for the indicated time-points. Then, the phosphorylation status of SMAD1/5 (**a**,**b**) or SMAD2/3 (**c**,**d**) was measured by western blot. Representative experiments are shown (upper panels) and relative activation was calculated based on signal intensities of the SMADs and GAPDH for normalization (lower panels). The graphs represent mean ± s.e.m. of *n* = 3 independent experiments. Two-way ANOVA and Bonferroni's multiple comparisons test were performed (\* *p* ≤ 0.05, \*\* *p* ≤ 0.01, \*\*\* *p* ≤ 0.001, \*\*\*\* *p* ≤ 0.0001, ns (not significant) *p* \> 0.05).](biomolecules-10-00519-g002){#biomolecules-10-00519-f002}

![Effect of small molecule inhibitors on activin-induced SMAD phosphorylation. IH-1 myeloma cells were treated for one hour with activin A (20 ng/mL) (**a**,**b**) or activin B (4 ng/mL) (**c**,**d**) with or without different inhibitors. K02288, LDN-193189 and RepSox (100 nM), ML347 (200 nM), ZC-47-C95 (1 µM) and SB431542 (2 µM). Then, the phosphorylation status of SMAD1/5 and SMAD2 was measured by western blot. Representative experiments are shown (upper panels) and relative activation was calculated based on signal intensities of the SMADs and GAPDH for normalization (lower panels). The graphs represent mean ± s.e.m. of *n* = 3 independent experiments. One-way ANOVA and Dunnett's multiple comparisons test were performed (\* *p* ≤ 0.05, \*\* *p* ≤ 0.01, \*\*\*\* *p* ≤ 0.0001, ns (not significant) *p* \> 0.05).](biomolecules-10-00519-g003){#biomolecules-10-00519-f003}

![Effect of the bone morphogenic protein (BMP) type 1 receptor inhibitor, K02288, on activin-induced SMAD activity in HepG2 cells. HepG2 cells were treated for one hour with activin A, activin AB. Activin AC (20 ng/mL), or activin B (50 ng/mL) with or without K02288 (100 nM). Then, the phosphorylation status of SMAD1/5 (**a**) and SMAD2 (**b**) was measured by western blot. Representative experiments are shown (upper panels) and relative activation was calculated based on signal intensities of the SMADs and GAPDH for normalization (lower panels). The graphs represent mean ± s.e.m. of *n* = 3 independent experiments. Two-way ANOVA and Bonferroni's multiple comparisons test were performed (\* *p* ≤ 0.05, \*\* *p* ≤ 0.01, \*\*\* *p* ≤ 0.001, ns (not significant) *p* \> 0.05).](biomolecules-10-00519-g004){#biomolecules-10-00519-f004}

![ALK2 knockdown blunted activin-induced SMAD1/5 activity. INA-6 myeloma cells were transfected with siRNA targeting ALK2 or Non-Targeting Pool as a control. The cells were treated 2 days post transfection with activin A (50 ng/mL) or activin B (10 ng/mL) for 2 h. Then, the phosphorylation status of SMAD1/5 (**a**) and SMAD2 (**b**) was measured by western blot. Representative experiments are shown (upper panels) and relative activation was calculated based on signal intensities of the SMADs and GAPDH for normalization (lower panels). The graphs represent mean ± s.e.m. of *n* = 3 independent experiments. Two-way ANOVA and Bonferroni's multiple comparisons test were performed (\* *p* ≤ 0.05, ns (not significant) *p* \> 0.05). (**c**) *ALK2* mRNA levels were measured by PCR using the comparative Ct method and *GAPDH* as housekeeping gene. The graph represents mean ± s.e.m. of three independent experiments. A two-tailed, paired *t*-test was performed (\*\*\*\* *p* ≤ 0.0001).](biomolecules-10-00519-g005){#biomolecules-10-00519-f005}

![Antagonism of activins by follistatin and cerberus. IH-1 myeloma cells were treated for three days with activin A or activin AC (20 ng/mL), activin B (4 ng/mL) or activin AB (5 ng/mL) in combination with either (**a**) follistatin (1 µg/mL) or (**b**) cerberus (4 µg/mL) before cell viability was measured using CellTiter Glo. Results are plotted relative to the control. The phosphorylation status of SMAD1/5 (**c**) and SMAD2/3 (**d**) was measured by western blot. IH-1 myeloma cells were treated for one hour with activin A (20 ng/mL) or activin B (50 ng/mL) with or without follistatin (1 µg/mL) or cerberus (4 µg/mL). Representative experiments are shown (upper panels) and relative activation was calculated based on signal intensities of the SMADs and GAPDH for normalization (lower panels). The graphs (**a**--**c**) represent mean ± s.e.m. of *n* = 3 independent experiments. Two-way ANOVA and Bonferroni's multiple comparisons test were performed (\* *p* ≤ 0.05, \*\* *p* ≤ 0.01, \*\*\* *p* ≤ 0.001, \*\*\*\* *p* ≤ 0.0001, ns (not significant) *p* \> 0.05).](biomolecules-10-00519-g006){#biomolecules-10-00519-f006}

![Proposed dual specificity of activins. Activins belong to the activin/TGF-β branch of the TGF-β family, but share the type II receptors ACVR2A and ACVR2B, and in some cases, BMPR2, with BMPs. The activins can therefore compete with BMPs for use of type II receptors. Usually, the type I receptor in the complex is either ALK4 or ALK7, and activation of these, lead to SMAD2/3 phosphorylation. Interestingly, activins may also form ligand--receptor complexes where the type I receptor is the BMP receptor ALK2. Activation of ALK2 leads to SMAD1/5 phosphorylation. The complex of activins, type II receptors and ALK2 can either be non-signaling (no SMAD1/5 phosphorylation), induce a weak activation of SMAD1/5, or potently activate SMAD1/5, depending on which activin is in the complex and the cellular context. This image was created with Biorender.com.](biomolecules-10-00519-g007){#biomolecules-10-00519-f007}
